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FOREWORD

This investigation was conducted by the Metallurgy Branch, Materials Systems and
Science Division (MS) of the U.S. Army Construction Engineering Research Laboratory
(CERL). The study was sponsored by the Directorate of Military Construction, Office of
the Chief of Engineers, under Project 4A761102AT23, "Structural Systems," ScientificN, Area 02,"Facility Components," Work Unit 002, "Characterization of Fracture of En-

, .4 gineerine Materials." The OCE Technical Monitor was 1. A. Schwartz.

CERL personnel connected with the investigation were J. Aleszka, S. loshi and Dr. Y.
G. Kim. Dr. R. Quattrone is Chief of the Metallurgy Branch, and Dr. W. E. Fisher is

R. Shaffer is Deputy Director.
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FRACTURE CHARACTERISTICS OF axial tensile stress, while elongated dimples (Figure 2)
STRUCTURAL STEELS AND WELIDMENTS result fromt failure caused by shear stress when the steel

is stressed at a temperature above transition, and thle
shear component of the applied load is sufficiently1INTRODUCTION large to overcome thle shear strength of the material.
Dimple size appears to depend onl the number of frac-

Objective ture nucleation sites and the relative plasticity of thle
The objective of this study was to use a scanning metal. If many fracture icleation sites initiate mticro-

electron microscope (SEM) to ec-iblish and character- voids prior to rupture, ~rovoid growth is limited due
ize the nature of fractures in engineering materials, to intersection with i. her microvoid surfaces. As a

This information should result in more effcient use result, numerous small, relatively shallow dimples are
zing their embrittleinent. In addition, documenting prior to rupture,, resulting dimples are large and deep.

A thle types of fracture modes will form the basis for
analyzing ini-service failure and help prevent similar Cleavage fr ýtures (Figure 3) usually occur along
failures in other applications, well-defined crystallographic planes within a grain. In

polycrystafline metals, a cleavage fracture propagatingI
Appoach through o..e grain may have to change direction as it

1Thle fracture characteristics of a low-carbon steel Crosses s'ibgrain boundaries or passes front one grain to
(ASTM A-36), two martensitic steels (ASTM A,5 17, unother. The change Iin orienta,'ion between grains and
also knowil as USS T-1, and IIY.1 30), and high- thle im~perfections within grains usually produce easily
strength steel weidments with and without induced distinguish~ed markings on the fracture surface. A cleav.
defects were analyzed. Tile materials were fractured age fracture propaguting across gvain or tilt boundaries
undet tenusile, fatigue, and Impact ltwdiug conditions. fkrnis arrays (if Cleavage steps Of "river patterns,"

TThe effects of hydrogen and tepipet enbtritlement on These liver pattettns are footlike uetworks of cleavage
the materdals' behavior whten fractured under tansile facets propagating on different levols, wh~ich converse
and fatigue conlditions were investioated. at the site of fracture IRMtAto'

Quask'leavage ( Vigur, Ye. 4) is a fracure mode whtch

ALP:clre of Xueets resombles cleavag In that it produces planar Of necarly
Fracture Stuface featurescar 1:1eI divided Otto Iwo planar fracure fAeetic howeve, these faces ale not

cutegoriQ1 accordIng to tilt fracture plopagatioti ilatli parllel to the0 11ttal's oulmnal eavage planets.

Witound thle gtarlsh. linth traie mrda fractuvo path4 Fatigu fracltur results florw mtePlid pfugfessul of
loategoty, fractules %ýanr occor by Void oa,41;0101 a crAck due to appliciatiln of 11 cyclic told. 1Te kutecha.
rupture. delvage, or fatigtuo, IVtacume bi the tltelp oititt of fatigut ctack nucletion Is believed to Involve

ran~fulor fracture pathi cAttgory (Iccur by grain bound' Sol) Walle (flactur cuoosd by repeti~dtivrversing of lthe
any Wivarthmol eilicth with or Without Illictovoid Coale%. q41rat1" slit; Wyliens in lthe mtetal, 0rAc. grfowth A

ccnx illstraionsof hesety~tal tpes f f actr called by repeittive I'oadin Usually results 41 a fractute
wre shown in V -res I lstiroag 6 as d4,~dbo, sfacw~~dipccf~us~aio

Manly Commont strluctral Inetats ffracturue unlder vance of 4 ciack front durinig oot fordiog icycl atitr
mmiurtunic load Wn a ductile fasItion by oicrovod 41itiation of fracture. The,1 stfiatimis may3 be abkent or
eot{escencc. 1T1e 1111cmuvuhs may Ire nucleated at grainl di~ffr Wna~aac dependinig kin such Vitiabllc at

budis.sccold-phlas particles, or other 0ito% Whlde tyle of ma1teril.levl 0 rI21d frequency of Applied tresi,
wtain dsotnlc exist, Asa atilaphled load incicists a)cwd onet
stress. tile Illiclovrids glrow, coalescc. anld oveolually -.-- ~--.
form a collitnuous frallctr surface Wh101 oJdIMItS IR. tla iknrl, 1M ioM&Wa ('o~fetc~e oil Pwer~ue-, ý*wj

nunmerous cup-like dergcsuiurrs Qcled "d~ilncs." 414 aOtgi w iinJ sv . LoJ, .. A~bt la.Fun

11c Lhal)4: of th- dimples Is strongly influttio.d ty PJ". 110tyth Vagtc 4 ,14t an Vt)1a It. wt in

'!us 1 ) te-sult widat local wuiditi onsf un Fat,(92,p.7

dimle (FIu.PUmi cin.Vl206) W
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Intergranular fracture resulting from grain boundary sample depends on such variables as type of material,
separation often results from segregation of impurity method of loading, and environment.
atoms along the grain boundaries (Figure 6). This
segregation causes the grain boundaries to be extremely Many theories ccncerning the mechanism of hydro-
weak and brittle so an advancing crack needs very little gen embrittlement have been proposed. Unfortunately,
energy to propagate along them, The surfaces of each none has been able to account for more than half the
block-like structure are the grain boundaries of the experimental results. The first hydrogen embrittlement
pnir austenite phase. The basic diffeience between theory, proposed by Zaffe,6 was based on atomic hy-
grain boundary separation with and without microvoid drogen diffusing through the metal lattice, precipitating
coalescence is that dimples appear on the fracture sur- in internal voids as molecular hydrogen, and creating
face with mizrovoid coalescence. lItergranular fracture high pressures. It was assumed that high pressures in
without microvoid coalescence frequently results when the voids combined with the externally applied stress
"steel has been hydrogen- or tempe,-embrittled. to fracture the met.i. Diffusion of hydrogen to the4 voids could explain the strain rate and temperature de-

Hydrogen Embrittlemeiii of Steel pendence of hydroger embrittlement. However, this
Since hydrogen can easily be introduced into metals theory requires a regular array of pre-existing internal

by melting, casting, welding, corrosion, and electroplat- voids along which the hydrogen-charged sample canI ing, hydrogen ernbrittlement has received considerable fracture, a requirement that is inconsistent with the
attention.3 Most investigations of hydrogen embrittle- results of studies delineating the structure of hydrogen-
ment have been performed under sustained-load or embrittled steels.7

slow strain rate tensile test conditions. Research pub-
lished on the behavior of hydrogen embrittlement un- Petch8 rejected the idea that cracking is propagated
der cyclic load conditions is limited, by internal hydrogen pressure. He suggested that ad-

sorption of hydrogen on the surfaces of microcracks
The degree of embrittlement generally increases or voids lowers the surface free energy, thus also lower.

with increasing hydrogen content and tensile strength ing the energy needed for crack propagation. He fur-
of iron-base alloys. Thus, hyurogen embrittlement is a ther suggested that although plastic deformation may
greater problem with high-strength steels which have produce many disconnected microcracks, tbey do not
been exposed to hydrogen environments or contain reduce fracture stess significantly in the absence of
hydrogen. The effect of hydrogen embrittlement is a hydrogen. However, when hydrogen is present, it dif-
sharp loss in ductility; this loss is most severe at room fuses into the region of the advancing tip and is ad-
temperature and decreases with decreasing temperature sorbed on the surfaces of the ciack, thereby reducing
and increasing strain rate. Reductions in fatigue life of the energy required to propagate the crack.
steels due to electrolytically hydrogen-charging4 or
tusting in a hydrogen atmospheres have also been re- Troiano9 has proposed that hydrogen which is even-
ported. The mode of failure of a hydrogen embrittled ly distributed throughout thu metal lattice is harmless

because its concentration is so small. The critical factor
is the segregation of hydrogen, under an applied strnss,

P. Cotterill, "The Hydrogen Embrittlement of Metals," to regions of triaxial shtss near pro-existing voids in
Progressne Materials Science, Vo! 9, No. 4 (1961); A.S. T','el-
man and A.J. MeEvily, Jr., Fracture of Structural Materials the stecl; thus only hydrogen in the stressed regton of
(John Wiley, 1967); 1.M. Bernstein, "The Role of Hydrogen in the lattice is responsible for hydrogen embrittlement.
6the Embrittlement of Iron and Steel," Materials Science and Also, since hydrogen embrittlement is observed in
EI'nglneerilng, Vol 6, No. 1 (1970), pp 1-t9; W. Beck, E.J t
Jankowski, and P. Fisher, Hydrogen Strcss Cracking o' High' transition .utals having vacarcios in the third subshJ ,
Strength Steels, NADC-MA-7140 (Naval Air Development
Center, 1971); and Hydrogen Embrlttlement Testing, ASTM
STP543 (American Sciety for Testing and Materials [ASTMI,
1974). 6 C.A. Zaffo, Jounal oflIon and Steel Institute, Vol 154,

4G. Schwen, G. Sachs, and K. Tonk, ASTM Proceedings, No. 123 (1946),
Vol 57 (1957), pp 682-697; W. Beck, ASlectrochemcai Tech- 7 A.S, Tetelman and A.J. McEvily, Jr.,FractureofStructural

nology, Vol 2 (1964), pp 74-78; and JD. Harrison and G.C. Materials (John Wiley, 1967).
Smith, 7rltsh Welding Journal, Vol 14 (1967), pp 493.502, 8 N.J. Petch, "'te Ductile Fra lure of Polyerystallutie-Iron,"

fW.A. Spitzig, P.M. Talda, and R.P. Wei, "Fatigue-Crack Phillosophiel Magazine, Vol 1 (1956), pp 186-191.
Propagation and Fractographic Analysis of 18 Ni (250) Maraglng 9 A. Trolano, "The Role of Ilydrogen and Other Inter.
Steel Tested In Argon and HWydrogen Environnients,Englneerlng stitials In the Mechanical Behavior of Metals," Transwctlonsof
Fracture Mechanics, Vol 1 (1968) pp 155-165, The American Society for Metals tASM), Vol 52 (1960). p 52.

12



.1,. 11

Trolano hypothesizes that hydr igen in the stressed re- tiement. Low and his associates'14 demonstrated the in.
gion of the atomic lattices ne,.xr the voids gives up its fluence of specific impurities such as antimony, tin,
electrons to the third subshiells of the host atoms, phosphorus, and arsenic and alloying elements such as
filling the vacancies in the third band, and thereby nickel and chromium in promoting embrittlement.

jdecreasing the binding energy or cohesiveness of the Marcus and Palmberg's found that when fracture oc-4atoms in the lattice in this region. One flaw in this curs along prior austenite grain boundaries in low-alloy
theory is that specimens slowly cooled from a hydro- steels, significant amounts of antimony, tin, and phos-
gen atmosphere or cathodically charged at room tern- phorus (100 to S00 times the bulk concentration) are
perature contain cracks even without externally ap- present on the grain boundaries. The presence of both
plied stress. The supposition that hydrogen segregates nickel and chromium leads to more segregation of anti-
to stressed regions in the metal is also inconsistent with mony, tin, or phosphorus to the grain boundaries than
the diffusion data of H-ill'10 which indicate that little or when either is present alone.

no srai ocurswhie hyrogn dffues.Recent experiments by Ohtani' 6 suggest that a cen-

It should be noted that the deleterious effects asso- tral feature of temper embrittlement is the redistribu-
ciated with hydrogen exnbrittlement can be removed tion of solute during carbide precipitation. The study
by outgassing or "baking" the material for a short time showed that eliminating carbide precipitation in anti-

41in a temperature range of IlOOOC-300 0C. 11 mony- and phosphorus-doped alloys eliminated the re-
maining enibrittlement resulting from equilibrium

Temper Embrittkement segregation. Ohtani concludes that einbrittlement is
One problem associated with heat-treating certain caused by [lie presence of impurities in the carbide-

steels is temper embrittleinent which occurs when cer- ferrite interlaces resulting from piling-up of the impuri-
tain commercial-purity steels are huated in or slowly ty ahead of a growing carbide.
cooled through the temperature range of 5500C to
3500C." If the steel is subsequently rehevated above Regardless of how impurities reach the grain bound-
6000C for a short time and quenched to room tempera- aries, it is generally accepted that they lower the maxi-
ture, the emibrittlement disappears. mnum coheosive force along the prior austonite grain

boundaries. Consequently, cracks canl easily propagate
Temper embrittlement is manifested by a loss In cor- along this path.

roslon resistance and a large, upward shift in the brittle
eIto ductile transition temperature.'" This reduction in Welding of'Sieci

toughnless seriously limits the use of alloy steels in Welding is anl Important method of joining single
heavy sections sucl, as pressure vessels and steamn tur- members Into complex struct iaai systonis required to
bine rotors. function under diverse loading conditions III Construe-

tion engincering. Arc welding htas been widely used to
ifIt is generally believed that tto equilibrium segrega. join various constructional alloy steels. In the arc

tion of' various impurities to prior itustenito grain boun- welding process, the arc supplies the hecat needc~l to
41 darios is the fundamtental mechianism of temper embrit- Iect thle 11lter and base meltal surfaces being jo-11cd.

liven when the proper electrodes, heat. Input, and weld
' 0M.. 1111 nd ,W.johnon, n~it~or f Al techniques are used.$ 7 weld deposits are rarefy free of

can Institute of Mining, Aletallurgk)and Perlu bigte discootiouities- many types of' defiects occur, including
tAJIAIE, Vol 2 IS.No. 717 (19591. ormosity, lack of' fusion (1.0F), lack of~ penmetration

'AS. Toteltmmn and ATJ Me~vily. Jr., I4ea:ure of Strue. (LOP), cracks, unidercuts, imiciusious, and burniirough.
tural Aflierah (Johin Wiloy, 1967)

~J,R. Low. Jr,, F&acrrl of Enghtreefing~ Afatredah (ASNI, iiMruJ.sr ~.Plibr,"~f,
1964), p) 127; ai4 i,U McMahown, Jr., Tetripwr Entbrsittement 151.Mle% t i A.Piibn Efr fSolutu
ht Steel. ASTM STPl 407 tASTNI, 1968), p 127, lCle11101ru on T1olpe 1`1linIbiI01toaie or tLow Alloy Stril"

13t1at hivetlns, Cleaning, ad bknishing, AS&I Metati Temirrt Krnihri~femeat of Steels. ASThI SW 499 (ASl'4.

Itinulbook. Vol 2, Bth lEdllici (1964), 1) 245ý and H.T. Ault. 197 1), pp 90-103.
It.11 Ifoitniano. PAnd JR.H Myeri, Iltat Thevtmeti of a MAtrten-"i. to 1,Oltarl, lt.C. Veng, and C.I. McMahoen, Jr.. "Now In.
Lsic Staliless Staee fcv O)ptimnum Coymbindtloh of StreilxeA, roolutomn on thme Mechianism of i'ornpet Emrbtiikillmlen of
Tomaghtiess, and Stress Corivlott Resistncn~e, Tintcradel Htport Alloy Steels," Alotagsrgka 7stdk* Vol S (1974), Vp

AM-TR4-8-7 (Air Force Mate~i~ nabwtoty, April 1968). 5164518.
14.IR. L~ow, Jr., D.F. Stkill. A.M4. 'turlwlo, nd R.l'. Wal~d, A. 1101.prc., Ted.A WE&Iins Ilav.bwyA. Vol I (AwxdukAa

Dwnsacton~s u14IAMi3 WW6II. Vol 242 01966), pp 14-24. Weld4aj Soddiy. 1968).
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The effects of these defects on the mechanical proper- 2 EXPERIMENTAL PROCEDURE
ties of the joint differ. Factors such as size, shape,
orientation, distribution, and service environment also
play important roles in determining the performance of Materials
a weidment. The steels used in this investigation were 3/4 in. thick

plates of ASTM A-36, ASTM A-5 17 Grade F (USS
Porosity, one of the most frequent weld defects, is T-1), and HY-130. Type A-36 is the most common

formed by entrapment of evolved gases in the solidify- grade of structural steel used in bridges and buildings
ing metal. Because of their reduced solubility, the gases and for other general structural purposes. Its miAcro-
are driven from solution in the weld metal as the tern- structure (Figure 7) consists of regions of ferrite and
perature drops. Gas bubbles are formed at the solid- pearlite. Type A-517 Grade F structural steel (USS T-1)
liquid interface and remain there until they are large is a high-strength, low-alloy, quenched and tempered
enough to float through the molten metal and escape steel used in such applications as welded bridges,
to the atmosphere.' 8 If the rate of flotation is less buildings, and pressure vessels. HY-130 is also a low-
than the rate of the solidifying front's advance, the carbon, quenched and tempered alloy steel with a high
bubbles are trapped, creating porosity. yield strength. This steel has high toughness and ade-

quate hardenability even for thick plate applications.
LOP defects result when the weld and base metals The tempered martensitic microstructures of T-l and

(or the base metal alone if no filler metal is used) dto HIY-130 are shown in Figures 8 and 9.

not integrally fuse at the root of the weld. This occurs
when the weld mietal fails to reach the root of a fillet Tl- I steel weldments were fabricated using AIRCO
weld or the root face otf a groove weld fails to reach AX 110 welding wire. The chemical compositions of
fusion temperature along its entire length, the steels and weld me tal are shown in Table I ;Table 2

lists their mechanical properties.
LOF occurs wvhen adjacent layers of weld metal, or

.71weld metal and base metal, fail to fuse because the Welding Procedure
temperature of one of' the metals does not reach its The gas-metal arc (GMA) welding process was used
welting point during a weld pass. to prepare the T-1 steel weldients, The weld passes

________were deposited in either a 600 double-V groove or a
181), Warren and R.D. Stout, Welding Journal. Vol 3. No. single-V groove (F'igure 10). Table, 3 gives the welding

61, Rowmari~ Support 381 -S 01952). paramueters,

TAble I
chamical ComUpositio of SMe" MW Weld Metal

Sted ASIAM ASTMA-5 17 AXllOWQ1

I' Co01lXthsA Al-36 Gtwode dqw IIVl3000

C 4.1w2 ax 0.100,2 O.A na .2 nviu

0.0 OM nx 0,0)35 niax 0.011 wax 0.010 nuVA
pS 0.05 MA~X 0.04 nux 0.010 flux 0,ots maox
*Si 0,15401,3) 0.150.35 0.41 mix 0.20.0,35

Vu 0120. 0.1S450
Ni - ~ 0.10-1,00 2,29 maxs U75-525

0r 0.404).65 0.16 11AX 0.44170
go 0AM)4.60 0.52 n14K 0.104)165
V .- 0.0340.08 0,0094 "tax 0.0"~.10

U - ~~0.0024301" ,

*Vor slupes owy 426 114(1 (633.96 kgim$.
"Dato plo"(d by VI.S. Swel&
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Table 2
Mechanical Properties of Steels and Weld Metal

Yield Strength

sel(0.2% offset) Strength (ksi) Elong (% in 2 in. or 5.08 cm)

A-36 32-36 min. 58-80 21-23 mini.
(22498240-253105 20 Kg/rn (40778060-S6245600 Kg/rn

T-1 100 mlin. 2115-135 18 mini.
(70307000 Kg/rn ) (80853050-94914450 Kg/rn2)

AX-it10 weld
deposit 100 mlin, 115-135 20min.

(70307000 Kg/rn 2) (80853050-94914450 Kg/rn2)

HY-130 130 mini. 150-180 15 ntin-
(91399100 Kg/rn (105460500-12655260 Kg/rn

Table 3 Specimen Fabrication and Testing
Welding Parameters Figures I11 and 12 show the specimen geometries

Tra~el Seed wehat& nteiasa for the tensile, impact, and fatigue tests. The tensile
Travl Sped Pchet& Itairass and fatigue plate specimens were machined with their

Voltge Aiweage i~ndhn)longitudinal axes parallel to tile rolling direction, while
* 2OV 350 amp 12 9 30c thie longitudinal axes of' the impact specimens were

(30.48 cm/nun) perpendicular to the rolling direction. Tile iveldnienti
specimens were machined with their longitudinal axes

*Shielding Urs licit Input (kJ/1) No. of Weld PUSC perpendicular to thle weld axis.

2% Oxygen-Argon 60-65 The mechanical tensile tests were conducted at
room tesliperattire at. a constant strain rate of 0.001
In./io./mln (0.001 cinjemntitun). To determine tile

Noinwl welding, procedures wore intentionally dis- effect of temperature on the fracture mnode of the
turbcd to obtain tile desired weld dlscootioulties. Charpy specimens, tests weve conducted at a wide
Clustered porosity was Produced by shutting off tile range of temperatures (Tfable 4' usbig a temperature
shielding gas, thereby comtaininating thle niolten weld Control bath,. Tile fatigue tests were conducted at 10
metal lin root of thle johit with oxygen. lso~ated cycles/sec in) tenslon-tolsklon sinusoidal mode at room
poWrosity Was introduced by shutting oft thle oxygen hi tprtue using a SO~dp NITS unit, All fatigue and
thle shledldi;a gas, thus decretqing, arc stability, tensile tests otf tile defective woldinents wore tcoaduc-H ted perpetidicular to thle weld axis.

LO1P was created fIn a doutile.V 61rt)ve plate by bilt.
thig tile lands tightly together to provelit comlplete

7penletratioll of 11he Weld 11e0al. Using a single Pass onl
eaceh side resulted In excssilve distonioi*. it) c rro I

vý. this, tile specianens wore welued using two ahtefamate
pasws ont eacli sid. The LOP1 was a planar, cen1trally Table 4t ~ ~low s~d defect oxtemidbig tm tl eiiio h ed Teaqwuprzm cs and Envirownacuts of Chaopy Teas

LOV!t was produced by lowerbig tile heat Input 90 Tomp C Uniwtioaait

on ~melus PJS. 196 Liqu~d Niuogtri

-83 lkytle/1Ethyl AiCoola
Each weldilent was ladioomrpimed to verify tliaex -) 18 lwesalt Water

istence of (lie desired defeets. 23 AulbkuI



Hydrogen Embrittlement variation in dimple size and an entrapped inclusion.J
To induce hydrogen embrittlement, the machined Figure 17 shows plastic deformation markings within

samples were cathodically charged in a solution of 10 the large concave dimples.
weight percent (w/o) H2S04 and 0.3 w/o As203. The
As203 was used to promote penetration of hydrogen The effect of hydrogen embrittlement on the
during cathodic polarization. The cathodic charging strength of ferritic steels is minimal due to the difficul-
was conducted at a current density of 6 mA/sq in. ty in propagating a crack through the ductile material.4(.93 mA/cm 2) for 12 hours prior to testing. In this investigation, the hydrogen-embrittled tensile

sample exhibited a dramatic loss in ductility. The
Temper Embrittlement fracture surface (Figure 18) consisted of a mixture of

The T-1 specimens were temper-embrittled using the flat quasi-cleavage facets (Figure 19) and concave in-
Wfollowing step-cooling procedure:1  clusion-nucleated dimples (Figure 20). It is postulated

that the serpentine glide markings shown on the left
I . Temper 1 hour at 593 0C. side of Figure 20 were caused by the appearance of
2. Furnace-co o58Cadtme o 5hus new free surfaces resulting from glide on a series of
3. Furnace.,zool to 5240C and temper for 24 hours. nearly parallel planes. As straining continued, the dis-
4. Furnace-coul to 496 0C and temper for 48 hours. tinct glide planes were smoothed out and ripples
5. Furnace-cool to 4680C and temper for 721 hours. formed. Formiation of these smooth features has been
6. Furnace-cool to 3 150C. called glide plane decohesion or ductile cleavage. 2 1
7. Air-cool to room temperature.

Since temper embrittlcment manifests itself in11The "Y-1 30 specimens were tempe r-enb ritt led using Charp~y impact tests by raising the brittlL !o-ductile
iithe following procedure: 20  transition temperature, 22 it is quite easy to determine if

11 -Tempr I our t 59 0C.this phenomenon is present. Charpy tests were per-
I2. FTncolto5 0  n emper fI 1 hoursa 90. formed on A-36 specimens after they received a heat

Fraecoto5150adteprfr1[ous treatment similar to thc lIY-l 30 sl)Cciniens. Since there
3. Furnace-cool to 502 0C and temper for 24 htours. was no change in lthe absorbed energy of these simples,
4. Furnace-cool to 468 0C and temper for 96 hotirs. as Compared to the as-received Samples, it was condo-iiIS. Furnace-cool to 45 !0Cand temiper for 144 hours. ded that A.36 steel was not susceptible to temper emj-
6. Furtlace-cool ito 44 1 QC and temper for 168 hours. brittlenientt aInd nto further studies of this phellnomelon

7. Frnae-col t 34 0C.were made with this mauterial.
K~. Air-cool to roomi temperature.

The fracture surfaw it lithe A-36 specinten bWokenjj3 RESULTS AND DISCUSSION ill fatigue (Figure 2 1) Consisted oif a fatligue zlolle anld at
tesieovrload t.011. lDistinct fatigue striatloný Canl bit

The sumimary of the tests conducted inl this study, Seett Inl Figure 22. mosto hs striatilots were parallel
typical tensl tst lod f etion wvs h aito to thle m11ch1111d nlotch, althouilgh 'set 5,tl tjttlCo ldry era".
in absorbed eneCrgy With tempera~ture fOr Charity tests, fronlts wvere occasionally olbserved, Stereo phlotoevapjis
and lthe fatigue lives of unletobfrittled and embrittled of thle fatigue z~one (Figure 2311 shlow that tite cracl%
steels ure shown bi Figures 13 and 14 and Tables 5 front propagated onl mtay tlifforeit levels, The cenltral
and 6. steelol of fle fracture surracuwe, ievraid ldellsile

ovhowou oceurred. Conisedof____Admpe'

Thte sape rortol Iracture, 1 hrfe cans of' faei3 selur an 4i fi-atseh. SIMt

was diniple ruptutr. Figure 16 shows both "idetaio Han~dbook, Vol 91, Witlki -dtim'(Aerc Soiciy (wr Motai*

"~lledt IýWtrbz, Cle'anin,g and Pl-~ashing, ASNt Moutht
IYA. JoWh and 1)F. Stein, 1etrpcr ~t;imbrtt toufoAuOy Ibtindboiik Vol 2, Hith 1dIllio (196411.11 245; antd tT. AullRJB. Itolo11fnan Gild JH. MYCIS. i~t 1PcOrtnrnt of a Marren-Steels, ASTM S-P 499 JASTM, 1972), i'p 9,49. Wk Statnteu Steel foe Optimum rCan~Wibinaln of Xrnyngth,

N'ikinial coniornuffloeallon with R.A. Swift, Januity 1973 7TChughna. and Stre" C.orraxkin Re~simrnucy, T~etudell 11011ott
wcweriting Tootpot Uintifttleuesit Study of )Iy-I 30) Sieel. APU1L-YR-61117 (Alt Votm &bttials LaboriAtoy, Aptil MO6t).
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Table 5
Summairy of Tests Conducted in This Study

Mode of Test

Materia Toni.e Fatiue Impact

As- H2 Temper As- H2 Tempar As- H2 Temper
Rec. Embr. 1hmhr. Rme Eznbr. Embr. Rme Embr. Embi.

A-36
Plate X X X X X X X

T-1
Plate X X X X X X X

HY-130
Plate X X X X X X X
T-l

Weld X X X X X X X

T-I Weld
w/Defects X X X X X X

Table 6
Summary of Fatigue Test Paramweters and Data*

Fatigue Ufa (*of cydes) Applie Strom (41)
As Hyttrogen- Temper- Specimen¶Material Received EmbdttWe Embrdlllod Sbape M" Mmi

A-36 6600 4575 3880 flat 36 4
(25310520 KU/rn2  (21112280 KS/ov2

1AI 6050 3470 5417 f(ji 100 I
(7030700 Kg/rn2  (10546050 Xg/in2

flY.130 11S60 4410 7750 faund 134 to
(94211380 KgJrn1) (12655260 Ks/tu~

AX-I JO weld 5510 4135 s11o ILI (70307U00KW11) 410546050 Kg/rn2l

clah VAlu Is all av'01age of two or ftore tests,

The fractmure skirfac o tile 1rydrrigel-Oiltitbrlcle~ Show~ tile d~lectim) 01'Cratk Ipropagaliiin withii cacih
faigte l -rc-ijiumi (1Figitte 25) has a woodier a~peatrnce etavage fatct. %Vital) th Charity Speelmeti1 was frac~
1M.1 tile U1101111iIled 1pecillenl. A 11101 owtil8ik~tilr3 tured at ~830~C. the f acture sirfirce QVilit'e 32) cofi-
of' the fatigwe w.osw teevead walldevoloped tallicrl ametd of jeavage hwies anld oderovolids (11l8te 33).
stidatious (Figute 26). A Stereo view of this rcglorr hildicatlig that fildure o"erred by tiaoisgralular ckeav.
(Vigure 27) rihowed Willer secondary craukinig tItani hi apgilad Ilifrovol(d Coatesicnvw. Whenl fracture owcuiled

------ .... ~the tilwabriutted 51whecime thils liray explainl thle di. tit *1 80c, thle fracture, Surface (VIiure 34) occaile 111ore
Cftlie ill apllcatafleo. l~atge d11impleS Were prfesell inl compli.ex, Near the notch, foalliocw sxttcd by dimple

tile tellsle Overload region of tile fracture wrl'aca rupture (Figure 35)" ill thle ivorrl portioll of tile speci.
(Figur 26),meii, tailure occurred by cie0av.18C aild dimple rupture
~~igugui 38). Thhw therasa amount of~c llliA36itic stfain at

Figure 29 sos[i rcuewfc fg -6 tecak11 uigfatr wuisfrtesde
Charp)' sivcietiii broken at -196"C. A hilgher irragiilfl. jlecis inl t11c arioult (if cli~e~y which must be ex-
cation of this surfacc (F~igure 30) Showstal failure penided to cause (failre. Vhe tari mswi temperature of

outdby deavago, The river patterns (Filruc 31) A-36, based ont the average eneW~ c-ritedocill (i.e., the
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temperature corresponding to an energy that is one. present in the dimples, indicating that inclusion frac.
half the difference between the maximum and mini- lure initiated failure.
mum energies), is approximately 10 C.

Hydrogen-charging T-l steel before fracturing in
Fracturing at room temperature results in a promi- tension failed to produce any noticeable effect, proba-

nent shear lip at the end of the specimen, as well as bly due to lack of diffusion time for the hydrogen. The
considerable tearing near the notch (Figure 37). Failure fracture surface (Figure 45) seems identical to the un-
is by dimple rupture near the notch (Figure 38) and embrittled surface (Figure 42). Failure occurred by
cleavage in the central region (Figure 39). The dimple dimple rupture (Figure 46) and miedrovoid coalescence

$rupture results from microvoid coalescence and inclu- in both cases. Secondary microcracks formed as a re-
sion-generated voids (Figure 40). The central region suit of voids joining. While hydrogen emnbrittling did
exhibits regions of this failure mode interspersed not affect the ultimate strength of the material, it did

¾among the cleavage facets (Figure 4 1). result in a miinor loss in ductility evidenced by a small-
er area under the load/deflection curve (Figure 13).

Thle central cleavage in an otherwise ductile Charpy
specimen, called a window of fast fracture, results When T-l steel was subjected to temper embrittle-
from transition from the plane stress to the plane strain ment, the tensile fracture surface (Figure 47) consisted
fracture mode as the crack progresses through the spec- entirely of dimple rupture and mierovoid coalescence
imen. A three-dimensional stress state (constraint) (Figures 48 and 49). Although this is identical to the
exists in the center of the specimen, resulting in the failure mode of the as-received specimen, it does not
yield stress being increased to op to three times its mean that the steel was not embrittled. Schultz and
normal value. In addition, the yield stress is further in- McMahon 24 found that temper embrittling an alloy
creased by the low test temperature (yield stress is in- with composition similar to that of T-1 steel by step-
versely proportional to temperature). Consequently, cooling produced thle samec t ype of failure mode. They
before plastic deformation at thle crack tip canl occur, verified thle presenLce of emibrittlemont by observing thle
the stresses In lthe center must increase to a value much corresponding Increase in thle transition (from brittle

flgreater than the normal yield stress of thea material, At to ductile) temperature. Since lthe fracture surface
thle edges of lthe specimen, however, only a twodie- alone is not sufficient to identify thle presence of em-
sional stress state is posL.ble, so plastic deformation can brittlement, further tests such as thle ('harpy Wipact
occur more easily, test should be performed to verify its presence.

~eAt vey o temperatures (.1960C), lthe yield stress Tite fracture surface of an unembrittled double-

edgas of the spocinitn. A~t roont temiperrature, however, 50) consisted of a fatigut: 7one near each notch and a
tieyield stress Is so low wtn oewn thle Constraint factor region of tensile overload in thle center of lthe specimeon.

cannot increase it eniough to provide clemvag-fracture The otiltos III tile fatiglue zonle (Figure S51) were hiti.
therefore occurs by dimplo ruts throu~hout the tiated parallel to lthe maehitned notch however, sec-
q*itlol ondary cracking began near ilie tensile overloud region,

Und tW~Striations Ubecamle' iultkidif milonal (Figure 5 )
Thle s1111ll holds resulted frwo Iarflý Inclusions Which

hwere piulled floin lthe Ilatrix. as tile fatligue crack, ad
ASTMA.67 Grd~ (tSS T) $~eIvance. crucked biclusion r~tmains it the bottom of

Thre fracture surfface resulting fromt tensile faullre of ole (if lthe howl' 1110 tensile overload regionl (Figute
T steel plate (1lue4)cnand inl Fgr 53) cufnsised of' equiaxed dhoples of varying sizes.

43). [allure in thle center of ltre soieocurdb
uoaa utr hcipri w~d equi: ed dimples, ldouti fexsive hy ý,ngan in the T. I steel

wfle licthe outer edges failed by shear rupturo. A higher by cathodic itarghing reducod the fatigue life betweent
augtficr in (igure 44) Qiowu that the vqrriaxd 20an r ent (Table 5) . The fracature Surfac20 of a

diniples funned around inelusios which were Still hydtogen-enibrittled T-I plae 4xcitinen brukea Ui

4UJ. Schultz arnd C.I. M011thon. Xr. Tempet Em~urfrre23 AS. Tettcinan and A.J. Muevidy. It., 14%2cure of Simc. men? o A~ .)y W~rit~, ASTM 'STP 499 (ASM. 1,972),p 104-
trw JMortia1g t (M in eay, 19M), 1



fatigue (Figure 54) was also composed of fatigue re- The temper-enibrittled T-l fatigue fracture surface

The fatigue region, however, was not fabtcon- ig ithfatigue zoe(iue6). Alhuhasmal
sisted of parabolic contours (Figure 55). Photographing amount of tearing was noticed in the as-received fatigue
these contours at different tilt angles revealed that the sample, temper embrittiement seemed to render the
parabolic contours were actually craters in the fracture material more susceptible to lamellar tearing. It is be-
surface (Figures 56 and 57). The shape of the craters lieved that the heat treatment cycle reduces the mate-
can be seen in the optical micrograph (Figure 58) taken rial's short transverse tensile properties so that as thle
front a section in the fatigue zone perpendicular to fatigue crack propagates, the large triaxial stresses
the machined notch. Many of these craters contained which build up ahead of the crack front fracture the
cracks in the bottom perpendicular to the machined weakened interface between the matrix and the long

Anotch. Failure occurred by quasi-cleavage inside the stringers of inclusions. As in the unembrittled sample,
craters, while considerable secondary cracking outside fatigue striations were parallel to thle machined notchA
resulted in multi-directional fatigue striations. There (Figure 63). Figure 62 clearly shows the transition
were no fatigue striations evident near the notch. from a fatigue to a tensile overload failure mode. As in

The ormtio ofcraersin he ydrgenembit- the previous cases, the central region consisted of diii-A
The ormtio ofcraersin te hdroen-nibit. pie rupture (Figure 64).

tied fatigue-fractured samples can be explained usingITrolano's theory of hydrogen embrittlenient.25 H-e When a T-lI Charply spccimcen was fractured at -1I96*C
proposed that accumulation of hydrogen followed by (F~igure 65), failure was entirely by cleavage (Figure 66).
subsequent crack nucleation occurred in regions of River patterns (Figure 67) show the direction of crack
high triaxial stress. A triaxial stress state occurs below propagSation across eadh cleavage facet. When the speci-
the root of a notch where cracks can initiate as a result men was broken ot -83T( (Nlurc 68), mixed miode fall-

of a critical combination of stress and hydrogen con- ure occurred by cleavage (Figure 70). As Withi thle A-36
cenltration. Since fatigue striations were present in thle samlples, thle Onset of dimple formation Onl thle fracture

-,I unemnbrit tied samples. it was assumed that lthe absence surface corresponded directly with tile increase in otter-
of striations near lthe notch in lthe niubrittled samples Sy iteoded to cause failure (Figure 14). At .18TC, lthe
Indicated that subsurface crack nucleation flud oc- fracture surface (Figure 7 1) exlrihited a '"woudy" frac.
curved instead of the progressive typv of crack advance lure and consisted entirely of dimples (Figure 72), Inll-
frolnr t110 outside surface of lthe notch as evidenicd inl citing that failure tesltifed froiri iicrovoid coaalsconce.
the A-36 specimens and lthe uneranbrit tied EdI spvel- Thle fracture surface of a Chiarily specimeon Wrokenr at
111cus, Subsuirface fatigue cracks nucleAted illcro- roonm temperature (Figure 73) also consisted of' dint.
cracks, voids, or inclusions grow tilt plant's 1wrivilificu- pitei of varying sizes (Figure 74). A higher tivigolfica-
fur to thle msIjor applied stress ahis. Wh101 lthese twits- tion (Figuire 75) shiows that dimplle forniauiwi resulted
verse f`3ti1ue cacS WOtesOct thle longitudinal crackt; froim titcrovoid Couldsconce alontg Willi 'iclusions.
associated willi stringers, subsequent cyclti: stress.ng
enlarges thle cracks inlto craters. VIguire 59~,a tlungituji. Hy. 30 Steel
Ind tactioll of thle Yrdrgnc0110edftiuzn, Shiva 11Y.13 Itis also a quenched and tolempere miar.
illistfates thlt beginning gild intellnediote stagds of tensitle steel, its fracture behavior sliould be similar ito

crater formation, Widening of tile longitudinal moicro. tlat of T.i.C(orr~ll ugtei r tesstaicgvsFgr
cracks by ithe mitun fatigue crack- bs dearly ovidont, 13) shows that IIY.131) Is stronger and 1111re ducivile

ithan T-1 IB Iecause oft this InIgIl treilgihr. IIY. I30's skis.

Thle Central portilon of ltie fracture surface. whefe cotihiblilry to hydrogen enrbr-itilcrmrnt is expected to
tensile overload occ~urred, consisted of varlousi.sizd ble severe.

ruilges and occasional void-generated scecondary
cracks (Vigure 60). Tile absence, of hydrogen cnibrittle, When IIY-130 was brokeni hi tension (Figure 76),
mlent effect in thisi regonl was probably beccaux, fallro w w flighm ilhfcatliong of' tile frrrcture Klzfaov revvealed
was very rapid4, giving tilt! Iydrogell insufficient tilre to 11121 failure occurred by notinlal tupture ill thle Center
build u1) to a critical Concetrilatioll in thle area. of the spechinen (Fi1gure 77) and sheatr upture onl edges

_____________of' thle specimeici (Figure 711). Thle large cracks ,n lthe
25A wn.'teHl r1ywe nlO1c ne fraicture surfface probably reitulted fromt microcracks

rnlisbfritheMccintit ieivir o Meilt" lanitwrcf Which furnied at tile interface between thie mlaretertisir
7Atmvwm6Myo#A~14hJAM)Va1Zo WA.p.2. taltrix and lonrgstringotrsof inclusions.
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Figure 13 clearly shows the difference in ductility the A-36 or T-1 fracture surface. The central region,
between A-36 and the two martensitic steels. In A-36, which failed by normal rupture in the center and shear
more plastic deformation occurred at the crack tip. As rupture on the sides, consisted of equiaxed and elonga-
a result, the dimples in A-36 steel (Figure 16) were ted dimples (Figure 93).
larger than in the T-lI (Figure 43) and HY- 130 (Figure
77) steels. The hydrogen-embrittled HY. 130 fatigue sample is

shown in Figure 94. The fatigue region (Figure 95) dii'.
H-ydrogen -charging the HY-130 sample prior to frac- fers considerably from the unembrittled fatigue region

ture significantly affected the appearance of the frac- (Figure 90). The parabolic contour lines on the frac- -

ture surface (Figure 79). The surface contained many ture surface are similar to those on the hydrogen-embrit-
small, circular, flat regions called "fisheyes" (Figure 80). tied T- I fatigue sample (Figure 55). A stereo photograph
Stereo photographs of a fisheye (Figure 81) show that of one of these contours (Figure 96) shows that like
the center is actually a deep pit. When fracture initia- those on the hydrogen-embrittled T-l sample (Figure
ted from this area, it propagated in a quasi-cleavage 57), they are deep craters on the fracture surface. The
mode (Figure 82). mechanism 6~f formiation of these craters lin the hydro-

gen-embrit tled HY- 130 is postulated to be the same as
Trolano's theory of hydrogen embrittlenient can ex- in the embrittled T-l stool.

plain the appearance of the fisheyes, If atomic hydro'4 .gen can diffuse to regions of high triaxial stress under Fatigue striations in the hydrogen-enmbrittled HY- 130
an applied load, a critical concentration of hydrogen (Figure 97) had multiple orientations on the fracture
results. This hydrogen, lin conjunction with the applied surface and were usually associated with secondary
load, causes localized fracture to occur in a brittle man- cracking. Theo tensile overload region consisted of dimn-
nor. Since thle conventional tensile test is fairly rapid, pie rupture and microvold coalescence (Figure 98). Ta-
too little timie Is available for thle regular mechanism of ble 5 shows the reduction lin fatigue life due to hydro.1'hydrogen-induced nticrocracking to repeat itself at tile geti orbrittletnent.
tip of tile newvly formed microcrack, Thus, thle size of
thle fisheyo is confined to the initial mierocrack associ. Temper-emibrittling, HY- 130 ste. )riot to testing in

A ~ated with the cavity, Other portlons of the sample failed fatigue resulted lin the fractwec suriaco shown lin Figure
by grain boundary separation with inicrovold coales- 99. Theo fatigue and tensile overload regions are clearly
cence (Figures 83 and 84), A smaller reduction lin cross dIstInguishable. Since considerably more laniellar fear.
section lIn thle hydrogon-ot-vbrittled sample Indicated a ing occurred thtan lIt the as-received specimnit broken litt
loss lIn ductility, This observation was confirmed b~y the fatigue, thle emnbrittle~nemtt cycle scented to Inctease
load~detlectlon curve (Figure 13) which also indicated 11Y.l 30's susceptibility to sukii rearing. At a higher

alos~s in ductility due to hydrogen embrittlernent. liagnification. tihe fatigue regionl (IFigure 100) was

found to contain fatigue striations parollel to thle nlia.
Cunsdetablet lamnellar toawing is evidentt onl the frac- hltined notch (IFIgure 10 1). A stereo mietographtof thle

lure satrface of a 1et1r~nbitldIY.1 30 tensile fatigue region (F'Igufe 102) shows that crack, Iropaga-
specinrcin (Figure! 85). Fallure occurrd hin a steplike tioti occurred oil relatively few levels, as In thle as-e.
fashion (Figure, 86). Thle failure mode was a conibina. cLvved spechnien. Inl the tenivile overload region, failure
nion ot 11li11ing, tearills, and 111icrovoid Coalescence along tile 131ttinates occulred by sllippinig, tearing, anld

(Figlurc 87). serpilltttme glide patternis wete evident Oil mlcirovomld coalescencm (FIgure 103). A regiott of inner.
the fratture surface. As wiht thme T. I steel, temper em. granlular fracture was observed between thke fatig'ue
brittlement hicreased thea mutorial's susceptibility to zonle and thle tenlsile overload regionl (Figure 104), Mosit
hantoillar seuring, of thle failure InI this region was ituorgrallular (Figure

105), prestimably along prior austenite gralin bounda-
Figures 88 and 89 show thle fracture surtfaces of rtla% there were also reIons of riuicrvoid, eaoakle'woll

round and flas as-received BIY-I 130 spechnemis fractured (Fiture 100).
hi fatigue, Thto fatigue and overload regions are easily
distingulshable hit both samples. Theo fatigue region( ~ Tlia fracture surface- of anl IIY-130 Charpy saniplc

11 l ure 90) coni~sted of parallel striations indicative of broken at -IM6C (FIgure 107) consisted solely of doav.
crack front progit~on acrosts thle sutrfaco (Figure 91). age (Figure 108). When failure occurred at -V3C, ocrea
A stereo niicrograplr of thia fatigue regiont (Figure 92) tile transition, temuperature, mixed mo~de fracture ocur-
shows thlat ilhe fracture surface is Befleraii, flatter tiual red (Figure 109). Thw outer regions consisted Of diinpic
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rupture (Figure 110), while the mechanism of failure in shown in Figure 132. The fatigue region (Figure 133)
the central region was cleavage (Figure 111). Failure at contained relatively few distinct fatigue patterns
-180C, above the transition temperature, resulted in a (Figure 134). There was evidence of lamellar tearing
fracture surface (Figure 112) consisting entirely of near the transition region from the fatigue to tensile
dimple rupture (Figure 113). Fracturing at room temp- overload failure mode (Figure 135). Failure in the over-
erature produced a fracture surface (Figure 114) simi- load region occurred by dimple rupture and microvoid
lar to the -18°C fracture surface (Figure 113). The coalescence (Figure 136).
mechanism of failure was again entirely dimple rupture
(Figure 115). The effects of test temperature on the fracture

mode of Charpy specimens revealed the low ductile to
AX-11 OWeld brittle transition temperature (DBTT) characteristic

Figure 116 shows the fracture surface of a solid AX- of an AX- 10 weld. The fracture surfaces resulting
110 weld deposit tested in tension. Failure occurred by from tests conducted at -196 0C, -830C, -184C, and room I'i
microvoid coalescence and dimple rupture (Figure temperature are shown in Figures 137 through 140. At
117). Exposure of an AX-I 10 weld tensile sample to -1960C, failure occurred entirely by cleavage (Figure
hydrogen-charging prior to testing produced the frac- 141). At the transition temperature (-830 C), mixed
ture surface shown in Figure 118. In one area of the mode failure occurred; the central region of the spec-

M surface small fisheyes were present (Figure 119). The imen failed by cleavage (Figure 142), while the outer

fisheye region (Figure 120) consisted of very small areas failed by dimple rupture (Figure 143). At -180C
cleavage facets (Figure 121). This failure mode resulted and above, failure occurred entirely by dimple rupture
from pockets of entrapped hydrogen gas. The rest (Figure 144).
of the specimen failed by microvoid coalescence
(Figure 122). When the tensile specimens were temper- Failure of Defective Weldments
embrittled prior to testing, the fracture surface (Figure The tensile fracture surface of an AX- 10 weldment
123) consisted of dimple rupture and microvoid containing LOP is shown in Figure 145. The LOP area
coalescence (Figure 124). (Figure 146), reveals the vertical machine markings on

the base metal plate. The lower half of the fracture
Tite fracture surface of a solid AX-I 10 weld tested surface contained a horizontal line where the fracture

in fatigue is shown in Figure 125, The fatigue region mode changed from shear rupture to normal rupture
consisted of purallel itcrcracks rather than striations (i~e., ithe fracture path is normal to the tensile aexis)
(Figure 126). As ite crack advanced into tile center of (Figure 147). The area nearest the defect exhibited
the specimen, te failure mode changed from fatigue to elongated dimples (Figure 148), while the area nearest
tensile overload by nilcrovold coalescence, When the the surface consisted of eqhulaxed dimples (Figure 149).
0ctek was large enough to cause rapid tensile overload, It appears that the crack initiated at the LOP area and
failure occurred by dimple rupture and microvuld propagated toward the surface by shear rupture, with
coalescence (Figure 1 27). filal fracture .-jrrlig by normial rupture,

t When the weld test specioen was hydrugenolnbrittlod Figure 150 shows the fracture .urface of a tensile
Prior to fatigue testing, the fracture surface (Figure spechien containing LOP (Figure 151) and LOF
128) was similar to that of the hydrogen-oembtittled (Figure 152). The failure occurred by microvold coales-

S1t-I plate specimen (Figure 54), except fWr the presence conco (Figure IS3),wlticll defect initiated it is uncortabi.
S'of large facets on one side of the weld fracture surface,

The fatigue reqons consisted of umlerous small Figure 154 shows the tensile fracture surface of an
craters, many of which contained nmicrocracks (FIgure AX-I 10 T-I weldniont cuntaintng porosity, The

S129). Fatigue stfiatlons with multiple orientat•ons interior surface of a porosity bubble revealed dendritic
(Figure 130) were present ot the fracture surface gYowth mpattents and grain boundaries (Figure 155).
around the craters, Theta was evidence of crater The fracture of the weld metal,wwhlch probably initiated
foinmaton even In the central region where failure li lite porosity region, occurred by microvold coates.
occuired by dhupic rupture and imicrovoid coalescence cence (Figuta 156).
(Figute 131).

Ilie fractutc surface resulting front fatigue frivinfe
Tentper-enmhittling an AX-I 10 weld fatigue spec- of an AX.l 10 weldnient containing LOP is shown it'.

lien priur to testhlg pioduciad tihe fracture surface Figure 157. Fracture initiated bi the LOP region li the
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center of the specimen. Fatigue striations originating temper-embrittlement heat treatment performed in
from the defect were fairly well developed and easily this study.
recognizable (Figure 158). Rapid fracture in the outer
portion of the specimen was by dimple rupture (Figure 3. The effect of testing temperature on the Charpy
159). specimens was seen in a change from cleavage fail-

ure at low temperatures to dimple rupture at room
The fracture surface resulting from fatigue failure of temperature.

a weldment containing porosity is shown in Figure
160. All the fatigue regions initiated at pores (Figure 4. The fracture surfaces of the as-received and
161). As the crack propagated through the specimen, temper-embrittled T-1 (plate and weld) tensile samples
the fracture mode changed from fatigue (Figure 162) were identical. Failure in each case occurred by dimple
to dimple rupture (Figure 163). rupture and void coalescence; therefore, the fracture

appearance of tensile specimens is not a dependable
Hydrogen embrittlement affected the fracture be- method for determining temper-embrittlement.

havior of an AX- 10 weldment containing porosity
the same way it affected the T-I plate and sound weld. 5. The effect of hydrogen embrittlement was quite
Large parabolic contours (later confirmed as craters) severe in quenched and tempered martensiticsteels (T-I
pointing toward the origin of fracture were apparent and HY.130) tested in fatigue. A significant reduction
on the fracture surface of an AX-I10 weldment con- in fatigue life was observed, and the fatigue regions
taining porosity and tested in fatigue (Figure 164). were found to contain a dispersion of craters. In the
Near the center of the specimen, the craters became hydrogen-embrittled HY-130 and weld samples, small
more circular (Figure 165). Failure initiated at an outer fisheyes which were believed to result from pockets
edge of the specimen (Figure 166). When the propa- of entrapped hydrogen were evident.
gating crack reached a critical size, catastrophic failure
by dimple rupture occurred (Figure 167). 6, Subsurface crack nucleation appears to occur in

regions where a critical combination of triaxial stress
Figure 168 shows the fracture surface resulting front and hydrogen concentration exists, Transverse cracks,

fatigue-failure of a temper.embrlttled AXI 10 weldment which propagate on a plane perpendicular to the major
containing LOP. Fatigue Initiated from the central stress axis, intersect longitudinal cracks formed at
defect (Figure 169) and the outside edge of the spec. matrix-stringer interfaces, Subsequent cycling produces
inien (Figure 170), No fatigue striations were dis- the craters on the fracture surface.
cornible at the origin, but they became evident as the
crack advanced through the material (Figure 171), The 7, Nucleation and propagation of subsurface fatigue
peripheral shear lip, whore final fracture occurred, cracks in the hydrogen-e.mbrittled samples appear to be
exhibited elongated dimples (FIgure 172). responsible for the severe reduction in fatigue life.
4 CONCLUSIONS 8. When fractured in fatigue, the tenmperemhrlttled

d T.T plate and, to a lesser extent, T.1 weld were suscep.

I, A-36 steel was found to be susceptible to hydro- tible to lameUar tearitng.
gen embdttlenment, which caused loss in ductility and
reduction In fatigue life, Tensile failure in the hydrogen. 9, HIY.130 exhibited a markedly increased suwep.
embrittled specimens occurred mainly by dimple rup- tibility to lamellar tearing when tempor.-mbrittled and
utre and Inicrovold ales ce, resulting iln tile forina- tested in tenlsion and ftigueý.

tion of elongated or equiaxed dimples. "ime fracture
surface of the hydrogenýenmbritt led specimene also 10, Fractures of' defective welds originated at thme
contwiined regions of qua4asklOVaago. internal defect. hlowever, whell these, pecimens were

hydrogenieni•m ittled prior to fatigue testing. fallute
2. A-36 steel was found not to be susceptible to the also or•nated at an outside free surface.
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Figure 1. Equiaxed dimples containi~ng inc~lusions, 4250x.
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Figuse 2. Uougjalcd dbinplei, 37S4h.
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Figure 3. Cleavage faceis, 400x.

Figure 4. QuW.cleavago Wacs, 1600x.
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Figure 7. Microstructure of A-36 stec', 200x.

Figure 8. Microstructure of T- steel, 200x. Flguiv 9. Mlorostructuro of HY-I 30 steel4 200x.
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(a) Double Vee Joint

3/4
60'0

(b) Single Vea. Joint

(I Figure 10. SpocinIII01 johits for wowldn.{
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V4(0.635 cm)
4U

1~6"

(15.24 cm)
I a) Tensile specimen.

10mm 025mm RAO

K 5 5mm ii0mrn/45

b) Charpy specimen.

Figure 11. Specimen geometry for tensile and Charpy impact tests.

Double notch: 45 deg
0.01 in. root radius (0.254 tum)
1 /8 in. deep (3.175 min)

_611 (15.24 cm)
6"(15.4 cm) 0.635Cm)

CLSingle notch: 60 deg
1/16 in. deep (1.51) min)

"Ji 3/8", (9.525 mm)

F~igure 12. Sp061101n :oonwaty for faiu tests.m
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Figure IS. Tensile fracture surfawe of A-36 steel, I 2x.

~j I l1lur 17

Figuiv 16. Mo~plo tuptum i., A-36 steel. IW~x,
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Figure 17. Plastic defomiations in dimple rupture in A-36 steel, 3000x.
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Figure 19. Quasklelavago facets in hydrogon-ombriLt~led A-36 stool, I100Ox.
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notch notch

Figue 23Figure 22

Figure 24

Figure 21. Fatigue fracture surface of A-36 steel, 8x.

r Igum 22. Fatigue striations oni surface of A..36 steel, 4000x.
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Figure 23. Stereo miicrograph of fatigue zone in A-36 steel, 500x.
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Figure 25. Fracture surface of a hydrogen-emnibttlod A-36 fatiguo specimen, 8x.

Figure, 26. Fatiigue Stri~atios ut' sutfauce uf hydrogen-embriuldd A-36 fatigue spedan, 42SOX.
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Figure 30

notch

1' Figure 29. Fracture surface of A-36 Charpy specienla tested at .1 960C, 7U.
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V igume 30. Cleavagc fracltur In A-36 Chnpy specimafl tOsied ai .IQ)S0C, iOWI.
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1 Figure 31. Rivecr patterns in cleavage fceots. SOOx.

Vlpm~ 32. Fracturo swtfco of A-36 C.sry xxetioin Icstedi~ 43CA x



Figure 33. Mlixed mode failure in A-36 Charpy specimen tested at -83 C, 1000x,

Figure 36.

Figure 34. Fracture surface of A-36 Cha;py specimen tested at -1 80C, 7x.
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Figure 39

notch

Figure 37. Fracture surface of A-36 Charpy specimen tested at roomn
~mperatufe, 7x.

Figure 40

Figure 38. Dimiple rupture Wi notch togo oif A-36 Charpy specliateal tested
at roomt tompcoldure, 1OOX.
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Figure 41. Microvoid coalescence interspersed aniong cle avage facets

temperature, 1 OO0x.

I ~FiguraQ4

Figure 42. Teasle ftacture surfaw of T- I Steel PApl 1 cubilcu. 8x.
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Figure 43. Equlaxod dimples in central region of frtictuWe surfamc, 1500x.
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N~ . 4 Figure 46

Figure 45. Tensile fracture surface of hydrogcn-embrittled T-lI steel, 8x.

F~igure 46. Tensd iflue of hyrp nb itt e ie by dimpl Tpt utc 6Sf~fbOX.
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Figure 49

Figure 48

I Figure 47. Tensile fracture surface of temper-einbrittled steel, 8x.

I Iaigu 4$. lcsisde failuto of topapr.Iubni~dc4 TI steel by diiupic ruptwca, 7x
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T Figure 49. Equiaxed dimples and microvoid coalescence in tt~iuper.

embrittled T.lI steel, 1500x.

Figure 51 I

Figure 5-1

Figure 53

Figure 50. IVatigue traclute Suffaw of' T. I Steel Plata Spewolon. lox.
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Figure 51. Fatigue striations~ on surface of T-1 f~atigue spevlxnea, lOO0x.
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IFigure 53. Tensile overload region of T-I fatigue specimen. 700x.

F~igure 57
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Figuic 54. IPrfului Wffatw of hy*~ioirudT-I 14ato (aifijuc Speelme. A.
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IIN
Figure 57. Stereo micrograph of futigue zone hi hydroson-embrittled T-I

steel, SONx.

Fisuwr sa. OpficA mit(raph ofl a toll.tudifluI b~tou of tile falgiw
I zww in Iydioges~o-ambuidd T. I steel. 550Y.,
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Fiue6 Figure 62

Figure 61. Fracture surface of temper-embrittled T-1 plate fatigue specimien, lOx.

Figure 63

tensilefatigue

overload

Figure 62, Traiisit ion region from fatigue to tensile overload bi temper.
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Figure 63. Fatigue striations on fracture surface of temper-ernbrittled T-1
steel, 5000x.

['igure 64. Dbltpk rupiter hi tetisile ovrtj~tla rekg df

T-.) steel failglue spcchaieu, 3500x,
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Figure 66

notch

Ii Figure 65. Frac~ture surface of T- I Charpy specimen tested at .1l96"C, 8x.

1Idguftt66. Cleav~age t~actuto ul TIA (larpy secwiunvt tested at .196 C, .5

56



Figure 67. Cleavage facets containing tear lines, 5000x.

Al

Figure 70

Figure 68. Fracurue sutticc oC a 1A1 (¶py specimero tested at -83 C, Sx.
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Figue 6. Ege o T-I Carp speime tetedat -30C I 00x

4'1AFigure 69. Edene o[T.1'- Charpy specimeon tested at 4430C. IQO~x.
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Figure 72

notch

:Figure 7 1. Fracture sprace of T-1 Charpy specimen tested at .18 C, 8x,

EL

Figusv 72. Fj~lare of T- I Chapy spc4Miwn tout~d at I WC by dliiplo

A -r -. ''. 10".



Figure 74

Flgur 73. Fracture surface of T-1 Charpy specimen tested at room tomp-
I oratwro, lOx.

Figurv 74 .att u1 1fo 1t- Olutpy speckron test-zd ji room tem i uo -W by
d~hu&rp~cture. 17~O~x
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Figure 77. Center of HY-130 tensile specimen, I SOOx.

Figum 18. ILd~m- of IIY.130t) wqtiM 4w4glaw4n, i6OOxý
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F~igure 83

1! ~Figure 80

I ~Figure 79. Tonsile fraceture surface of hydrogun-enibritl:ed IIY-I 30 specimen, 9x,

SIC111l i2X
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It Figub 81, Stereo mafcrograph of center of fis-heyc on fracture surface of
hydrogen-onibrittled HY- 130 tensile spedinien, 1400x.

FI;8.Qaidaaefcuuei ~y,1Ox
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Figure 84

Figure 83, Grain boundary separation with microvoid Moiesconem I
hydrogon-enbrittled HIY. 130 tensile specimen, 1 200x.
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Figure 87

A.A

Figure 8S. Tetvsie fracture surface of tenipo itm-brittt~d HY-1 30 spc~imeona 8x..

N

Fiur 96. Fw t srface of toipcr-cmbfinttd IIV-130 tensito sciuncn, 37!iX.
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Figure 87. IPracturc of tonper-embritt led HY-1 30 tensile specimen by
slipphig, toarbig, andtnicrivotdcoateswenco, I SOOx,
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notch

Figure 93 Figure 90

11 Figure 89. Fracture surface of flat HY-l 30 fatigue specimen, 8x.

Figure 92 Figure 91 notch

Figure 90. Fatigue region of HY.l 130 fracture surface, 50x.
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A Figure 91, Fatigue striations on fracture surface of HY-130 steel, 1450x.
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Viue92 tromcrgaho atgeLn1nH.10sel 5Sx
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Figure 93. Tensile overload zone in HY.1 30 fatigue specimen, 1500~x.

Figure 94. Fractute surfaee of hydrogwi~swbtiutted IAY.I 30 fafigug
SPOW111414. lox,
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Figu f i~igueZone ll 1Yd~o u Figurled 96.

Figure 13 95 SFtig eregio 4of yrgnnbitxY! 0ftges.ie,4x



Figure 97, Fatigue striations on fracture surface of hydrogon.eanbrittlod
HY-130 steel, 1600x.

F~igure~ 98. Tensile oveduad teglo. in hydreiioioniebratkd 14Y.1 30 steel, I 500k.
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~ Figure 104

notch notch

Figure 99. Fracture surface of temper-enibrittled flY-1 30 fatigue specimeon, 8x.

tensile overload reclon fatigue region

FJA,

"gweui 100. V~aliue regloti of IIpr4b~ dHY.1 30 fatigue speOhiwel, 60x.
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11Figure 101. Fatigue striations on fracture surface of tompor-embrlttled
HY-130 steel, 1600x.

Igr 0.Se)meogaho a1u oeU1ji~ itdJV
13 steI Ix
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IFlgune 103. Slipping, tearing, and mi-crovold coalescence along ono of
la~inatos in tomtporoembrittlod HYd1 30 stool. MO~.

I~ j liguxo 10$5

~ j i~guta 106

r igurue 104. Band of' hlotrgyamd r huuro between fatigue mid teusli
oveloa zowws, I Wx,



Figure 105, intergranuuar fract,'rei41 temper-embrittled HY-1 3U stool
(lctdi1etro 10) 1600x.

Figure 106. iniergvanubat I rutus e and onkrovoki coatolavow ii Wtnmpr.
ean1britlud flY.!30 Lice)4 800xj 70



Figure 108

notch

F~igure 107. Fracturo Surfuce uf IVA-130 charpy spacinmcu tested at -1969C, 8x.

iNi

Waiutc 1W8. CkeaVae fr.acure ina HY -1;00. py Wpcchowi tested it -1960C. 1600x.
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ii Figure 110
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Ftgure I111. Center ot HY- 130 Charpy specimeon tested at -83CC, 1 600x,

13iugre 112. i'eacture lutlice of II't 1 130 clutpny specinioau tested at .1 S0c, 8&X
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figure 113 Failure of HY.l 30 Cha�y specimen tested at -180C, 16013x.
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F�ure 114 I racturo wrf�ce of IIY.130 Clurpy spechueti ioswtI QI worn
tcaupcraturo1 8,�.
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t~ Figure 1 15. Fuilure of HY-I 130 Charny spv'lnion tested at Toom tempera-

ture by dimple rupture, 16DO0.
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I ~~Figure 117. Tensile failure of AXM 10 weld material by dimple m'pture, 4000x.

Figure 119
Fi.c 122

Figure 118. Tensile fracture SUrface of hydrogen-enmbrittlcd AX.! 10 wuld specimen, 25x.
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Figure 120

ZF AuF4 119. Fisheye on the fracture surface of hydrogen-embrittied AX- I 10
weld specimen, 1 SOx.

q Figure 121

Figure 120. Fracture surface of region in fisheye, 1600x.
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Figure 124

4 Figure 123. Tensile fracture surface of temper-embrittled AX-l 10 weld
specimen, 1 5x.
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I Figure 127
1 Figure 126

notch notch

Figure 125. Fatigud fracture surface of an A.Xl 10 weld specimen, 1 lx.

¶0

t ~ Figure 12~6. Fatigue cracks on fracture surface of AXM 10 weld material, 4000Jx.
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I ~Figure 127. Tensile overload region of AXM 10 weld fracture surface, 1500x.

Figure 130

Figuure 129

4notch Tz1. ' oc

Figuic 128. Fatigue fracture surface of tlydrogen-embrittlcd AM- 10 weld
specimen, I Ox.
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IV.

Figure 129. Stereo micrograph of fatigue region in a hydragen-embrittled

AX-1 10 weld specimen, 40x.

Figur 130. Fatigue striations on surface of hydrogcn-embrittled AX.1 10
weld fatigue specimen, 2000x.
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Fiue131. Stereo n-l rogaph of the tensile overload region in a hydrogen.

einbrittlod AX-i 10 weld fatigue specimen, 1600x.

niotch

Figure 135

Figure 133

noldi

Figure 132. Faitigue fracture Surface of tenwpr-embrittled AX- 110 weld
spocfiine~, II X.
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1~~ Figure 133. Fatigue region of toniper-embrittled AX- 10 weld fracture

i~1 surface, 375x.

Figure 134. Fatigue striationts on fracture surface of temp'eiimbrittikd
AX-I 10 weld fatigue SPOClmeai11 I 0O~X.
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Figure 141

I i notch

Figure 137. Fracture surface of AXM 10 weld Chutpy specimen tested at
-196C, Bx.

notch

Figure 138.1 Fracture surface of AX!1 10 weld Chmpy specinie tested at
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~ Figure 144

notch

Figure 139. Fracture surface of AM4 10 weld Charpy spciraqu tested at

'75

Ij

- it

Figur 140, Frieture suriicc of AX-1 10 weld Chaapy specwwn tested it
W~fllWIpCE~~f4, tx.
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Figwc 141, rFaiure of AX)1 10) woWd Charpy apoc-hirlon tWSWt -1 96t

I hyycloavage, 4000x.
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it Figure 143. Edge of AX*l 10 weld Charpy specimen tested at 830C 4000x
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Fi.guw £44. lkactu:c zurf�e �f AX.! 18 weld tlaaspy spccuaaa taMed at ix
k ab4a�e -131. 4250x.
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Figure 146

J! Figure 14S. Tensile fracture surface of AX-1 10 weldinent containing LOP, 8x.

Figtate 146. LOP region on ttonsil am sr~ururface of AX-I 10 weldownt,

96



I, Figure 148
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Figure~ 148ima~ddm~~oi esl

Figu 14. Eongteddimleion m~ofracture surfaceo f AM 110
wehint. 46ox

WCIU~OU, q)UU.97



Figuxc 149. Equiaxed dimples on tensile fracture surface of AX-1 10
woidment, 4600x.

Figurv 15 1

Fiur 152~ igure 153

1~Figure ISO. ToenU fiaLoute 6uftwe ofAX-1 10 W ituit cnwta b .w ngl LOP
wnd LOI , 8x.



Figure~~~~~~ ~ ~ ~ ~ I S-. LD.P reino oniofatresraeofA- 0wlet 0

Figure 152. LOP rogiou on tonsilo rracture %whfo of AX-1 10 weldmont. 2600.
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Figure 153. RTensaway fromul deffcts on AX.) 10 woidment frmacture
surlaco, 40x. (
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Figure 156.1 tature surfat.o away run pwoaity dcteots, 35430x.
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Figure 159 VIMa ow~

4ý,y N VFigure 158
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*17

F~wpa MS. Fat tigue regon of rvactwce wriface of AXM 10 w~ddnwt con.
labing8 LOP. I 700k.
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Figur 162. Fatigue iniiaion oiteo fracture surface of' AM 10 weidnnt cn-
cotaining porosity, I 30x.
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Figure 164. Ftenigue oel eino fracture sarfaco of ahtgeemibWAXM 10 weld-wn
netcontaining por xosity, 1380x
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IIFigure 16S. Stereo micrograph of fatigue region of hydrogon-embrittled

AX.)I 10 welddmoit containhing porosity, 120x.

-X

Fig~ure 166. Oigin of -1gue failure ltIt ykepen-catbritticd- AX-1 10 weld-
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Fium16. riino falr of K2<pe-embttld MA 10 weldm*tfl

IIFigur 169. Scnayoii of fatigu lure of temper-ern brittled AX-i 0wimn

I. 110 woldment containing LOP, 70x.
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P1gw. 171. Fatigue striations on fracture surlace of teMapor.embrittlcd
AX! 10 weldnwnL containing LOP, 1400x.
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I! FIgure 172. Uougatod dintpks on shear lip oC fracture susCaci, 3500n.
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GLOSSARY Fractography and Atlas of Fractographs, ASM Metals
Handbook, Vol 9, 8th Edition (American Society

crystal: A solid composed of atoms, ions, or molecules for Metals [ASM], 1974).
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dimensions. Harrison, J. D. and G. C. Smith, British Welding Jour-

nal, Vol 14 (1967), pp 493-502.
crystallographic plane: A plane which is formed by the

atoms, ions, or molecules in a crystal. Ifeat Treating, Cleaning, and Finithing, ASM Metals
Handbook, Vol 2,8Sth Edition (1964), p 245.
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